Childhood lead exposure has been correlated to acts of delinquency and criminal behavior; however, little research has been conducted to examine its potential long term influence on behavioral factors such as personality, specifically psychopathic personality. Neuroimaging studies have demonstrated that the effects of childhood lead exposure persist into adulthood, with structural abnormalities found in gray and white matter regions involved in behavioral decision making. The current study examined whether measurements of adult psychopathy were associated with neuroanatomical differences in structural brain volumes for a longitudinal cohort with measured childhood lead exposure. We hypothesized that increased total psychopathy scores and increased blood lead concentration at 78 months of age (PbB78) would be inversely associated with volumetric measures of gray and white matter brain structures responsible for executive and emotional processing. Analyses did not display a direct effect between total psychopathy score and gray matter volume; however, reduced white matter volume in the cerebellum and brain stem in relation to increased total psychopathy scores was observed. An interaction between sex and total psychopathy score was also detected. Females displayed increased gray matter volume in the frontal, temporal, and parietal lobes associated with increased total psychopathy score, but did not display any white matter volume differences. Males primarily displayed reductions in frontal gray and white matter brain volume in relation to increased total psychopathy scores. Additionally, reduced gray and white matter volume was associated with increased blood lead levels in the frontal lobes; reduced white matter volume was also observed in the parietal and temporal lobes. Females demonstrated gray and white matter volume loss associated with increased PbB78 values in the right temporal lobe, as well as reduced gray matter volume in the frontal lobe. Males displayed reduced white matter volumes associated with increased PbB78 values in the frontal, temporal, and parietal lobes. Comparison of the two primary models revealed a volumetric decrease in the white matter of the left prefrontal cortex associated with increased total psychopathy scores and increased blood lead concentration in males. The results of this study suggested that increased psychopathy scores in this cohort may be attributable to the neuroanatomical abnormalities observed and that childhood lead exposure may be influential to these outcomes.
Introduction
The influence of childhood lead exposure on behavior has been well documented (Bellinger et al., 1994 , Mendelsohn et al., 1998  however, less is known about how childhood lead exposure impacts the development of personality disorders such as psychopathy. Several studies have reported associations between childhood lead exposure and delinquent and violent behavior Abbreviations: PbB78 Blood lead at age 78 months; GM Gray matter; Total PPI Total psychopathic personality inventory score; WM White matter. 
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Fig. 1. Regional gray matter volume interaction between sex and total PPI. All clusters presented have been corrected for multiple comparisons (P 0.05). Slice numbers represent distance from origin (0, 0, 0), which was set at the anterior commissure. Color bar represents voxel level T-statistic. Orientation: Left = Left, Right = Right. Total PPI total psychopathy inventory score. (Denno, 1990 , Needleman et al., 2002 , Pihl and Ervin, 1990 , Sciarillo et al., 1992 , Stretesky and Lynch, 2001 , Stretesky and Lynch, 2004 , Marcus et al., 2010 , Needleman et al., 1996 . Specifically within the Cincinnati Lead Study (CLS) cohort, Dietrich et al. (2001) observed increased rates of juvenile delinquency associated with pre-and post-natal blood lead levels. The CLS has also documented a prospective association between arrests in adulthood and early lead exposure (Wright et al., 2008) . For males especially, a history of lead exposure has been among the most significant predictors of adolescent delinquency and adult criminality (Denno, 1990) , and more recently psychopathy (Wright et al., 2009) . Psychopathy is characterized by a pattern of personality traits such as a lack of empathy, egocentrism, and grandiosity, and behaviors including excessive deceit, aggression, and a parasitic lifesyle (Cleckley, 1955, Hare and Neumann, 2008) . It is also thought to be influenced by deficits in executive functioning, emotional processing, and moral reasoning (Hyde et al., 2014 , Sethi et al., 2015 , Harenski et al., 2010 . Although psychopathy occurs in both sexes, it occurs most frequently in males (Grann, 2000 , Veit et al., 2002 . Functional and structural imaging studies conducted in populations with psychopathic personalities have repeatedly found brain abnormalities in the frontal and temporal lobes, especially structures involved with the limbic system (Craig et al., 2009 , Motzkin et al., 2011 , Juarez et al., 2013 , Yang et al., 2005 , providing a neurobiological basis for psychopathy. Etiologically, psychopathy has been linked to genetics (Bezdjian et al., 2011 , Baker et al., 2007 , Larsson et al., 2006 and to a lesser degree, socialization factors (Gao et al., 2010 , Daversa, 2010 . That said, exposure to environmental toxicants early in life may be important to the development of psychopathy (Raine, 2013, Glenn and Raine, 2014) . Psychopathy includes not only a series of personality traits, but also behaviors such as aggression, juvenile delinquency, and criminal conduct that prior research has shown to be connected with exposure to neurotoxicants such as lead (Pb). Given the empirical overlap between psychopathy and misconduct (DeLisi et al., 2017) , early lead exposure may be implicated in both.
We previously reported findings from the CLS cohort showing structural and organizational changes in brain regions associated with compromised cognitive functioning and behavior. Cecil et al. (2008) and Brubaker et al. (2010) employed voxel based morphometry (VBM) approaches to allow voxel by voxel comparisons between high-resolution anatomical magnetic resonance imaging (MRI) brain scans obtained at approximately 20 years of age and their blood lead concentrations obtained regularly from the age of 3 months to 78 months. Reduced gray matter volumes in the prefrontal cortex, anterior cingulate and other regions associated with both mean childhood and annual blood lead concentrations were found. Greater reductions in brain volume, especially within the frontal lobe, were noted in males. Additionally, Brubaker et al. (2009) reported altered patterns of myelination revealed by diffusion tensor imaging in association with childhood blood lead levels for numerous white matter tracts including limbic tracts such as the cingulum, uncinate, and stria terminalis.
Though several neuroimaging studies have been conducted on populations with antisocial personality disorder and psychopathic personalities , no studies examining brain abnormalities related to psychopathy have been conducted in a population with known previous lead exposure.
The current study was a cross-sectional analysis utilizing data from the CLS. Looking at measures of regional brain volumes, we hypothesized that increased psychopathy scores would be inversely associated with gray and white matter volumes in regions and structures responsible for executive and emotional processing, specifically limbic and prefrontal regions including the anterior cingulate and ventromedial prefrontal cortex (VMPFC). Additionally, we hypothesized that similar differences in regional brain volumes would be observed in relation to measured childhood blood lead levels. We also explored sex interactions and differences in our analyses to illustrate regional differences given the higher rates of psychopathy in males (Forth et al., 1996 , Levenson et al., 1995 , the recognition of greater vulnerability of males to adverse neurobehavioral effects of lead exposure (Bellinger et al., 1990) , and the distinct sex differences observed previously in neuroimaging studies of lead exposure (Brubaker et al., 2010 , Cecil et al., 2008 .
Methods

Participants
Participants provided informed written consent prior to participation. This protocol was reviewed and approved by the institutional review boards at the University of Cincinnati College of Medicine and Cincinnati Children's Hospital Medical Center.
Pregnant women recruited from inner city neighborhoods historically displaying an elevated incidence of childhood lead poisoning were enrolled in the CLS between 1979 and 1984 (Bornschein et al., 1985) . A total of 376 newborns were recruited into the study at birth, of which 305 received follow up examinations at ages 3 and 6 months. Blood lead assessments commenced prenatally followed by quarterly measurements through age 60 months and semiannually between ages 60 and 78 months. Blood lead concentrations were calculated via anodic stripping voltammetry. Please see Roda et al. (1988) and Dietrich et al. (1987) for specific details regarding anodic stripping voltammetry and blood lead level calculation for the CLS. Two hundred fifty adult CLS participants between the ages of 19 and 24 years received follow-up visits through at least age 78 months and were eligible for additional research studies, including criminal activity and behavioral analyses (Wright et al., 2008) . For a subsequent phase of the study between 2008 and 2012, 174 CLS cohort participants were recruited to receive high-resolution anatomical neuroimaging. We prioritized recruitment with the oldest participants first, targeting a recruitment age of 26 years. Due to contraindications to imaging, 16 were unable to be scanned. Three additional participants (2 female, 1 male) were excluded due to MRI image reconstruction issues or artifacts. The images from the remaining 155 (90 Female, 65 Male) CLS participants were utilized in the current study. Participant characteristics for this study are shown in Table 1 .
Psychopathic personality inventory
Adult CLS participants were administered the Psychopathic Personality Inventory (PPI) (Lilienfeld and Andrews, 1996) via computer as described by Wright et al. (2009) . The PPI is a 187 question self-reporting survey designed to delineate and assess the fundamental personality traits of psychopathy in a non-prison population. The total PPI score functions as a measure of overall psychopathy with elevated scores suggesting a greater likelihood of psychopathic personality traits being present. The PPI provided a reliable assessment of psychopathy and has been validated over several different populations (Edens et al., 2001 , Lilienfeld, 1998 , Lilienfeld and Andrews, 1996 , Poythress et al., 1998 ; additionally, the full length version of the PPI has demonstrated greater construct validity over the short-form version (Kastner et al., 2012) . It is important to note that the measurement of psychopathic personality traits in relatively modest manifestations for non-incarcerated "healthy" samples remains debated, as there is low to moderate convergence between measures like PPI and Psychopathy Check List Revised (PCL-R) (Malterer et al., 2010) . For the purposes of this study, total PPI score was the primary variable used. Chapman et al. (2003) suggests that total PPI score is a valid representation of psychopathy in a psychometric analysis of the PPI. Furthermore, Total PPI scores demonstrated high internal consistency ratings with the other PPI subscales (Poythress et al., 1998) and correlate well with other personality tests that measure and assess psychopathic personality characteristics (Malterer et al., 2010 , Ross et al., 2009 , Edens et al., 2001 ).
Lead (Pb) exposure
For this study, blood lead concentrations obtained at age 78 months (PbB78) were employed in our models. This value was selected over other time points for blood lead concentrations because later childhood blood lead levels are thought to better reflect body-lead accumulation and demonstrate greater associations with neuropsychological and behavioral measures (Baghurst et al., 1992 , Wasserman et al., 1997 , Wright et al., 2009 , Wright et al., 2008 , Hornung et al., 2009 , Ris et al., 2004 . Although blood lead levels do not typically display a normal distribution within the general population, it has been reported that low to moderate values perform as well in linear models as they do in other statistical models (National Research Council,1993) , so blood lead levels were retained in micrograms per deciliter (mg/dL).
Image acquisition
Imaging for this study was first initiated on a 3 T Siemens Trio scanner (Siemens, Erlangen, Germany) and shortly thereafter switched to a 3 T Philips Achieva scanner (Philips Medical Systems, Cleveland, OH) using an 8-channel head coil. The usage of two scanners was due to the institutional decision to remove the 3 T Siemens Trio scanner and replace it with a 3 T Philips Achieva during the study enrollment period. The oldest cohort members were contacted first, with participants consecutively enrolled with the first (N = 32) participants scanned on the Siemens 3 T Trio scanner, and all subsequent (N = 123) participants scanned on the Philips 3 T Achieva scanner.
For the 3 T Siemens Trio, three-dimensional (3D) T1-weighted images were obtained using a magnetization-prepared rapid acquisition of gradient echo (MPRAGE) pulse sequence with the following parameters: repetition time (TR) = 2000 ms (ms); echo time (TE) = 2.93 ms; inversion delay time (TI) = 1100 ms; flip angle = 12 . For the 3 T Philips Achieva, a single-shot Turbo Field Echo (TFE) pulse sequence was used with the following parameters: TR = 8.1 ms; TE = 3.7 ms; TI = 889.7 ms; flip angle = 8 .
Data processing
Voxel Based Morphometry was used to assess brain volume changes (BVC) in relation to Total PPI score and blood lead concentrations obtained at 78 months of age. VBM is a technique often used with high resolution MRI anatomical data to compare voxel level measurements of tissue concentration (gray and white brain matter for this study) within or between multiple groups or subjects. In brief, brains are typically fitted into the same stereotactic space through a process referred to as "normalization." T1-weighted anatomical images were reconstructed using Cincinnati Children's Image Processing Software (Schmithorst et al., 2000) running in IDL 8.1 (Exelis Visual Information Solutions, Boulder CO). 3D images were imported into Statistical Parametric Mapping 8 (SPM8) version 4290 (SPM8; Wellcome Department of Cognitive Neurology, London) running in Matlab 7.13.0.564 (The Mathworks, Inc., Natick, MA) where they were visually inspected for artifacts and other scan abnormalities. Images were manually reoriented with the origin voxel [0, 0, 0] being set medially on the anterior commissure with the posterior commissure in the same plane. Images free from artifacts or other abnormalities were then processed using the VBM8 toolbar version 369 (Kurth et al., 2010) for SPM8.
Instead of a single volume number for each tissue class (gray matter, white matter, cerebrospinal fluid (CSF)) for the whole brain or a region, the VBM approach essentially quantifies and compares volume in high-resolution volume elements (voxels) across the images for all the individuals in the cohort. Anatomical T1 images were first segmented into tissues classes (gray matter, white matter, and cerebral spinal fluid) using a unified segmentation model in SPM8 . This model is based upon an adaptive Maximum A Posteriori (MAP) method that does not require prior tissue-probability data (Rajapakse et al., 1997) . The segmentation procedure also implemented a Partial Volume Estimation (PVE) to improve segmentation accuracy by estimating the proportion of each tissue class contained in every voxel (Tohka et al., 2004) . Noise reduction was also incorporated into image preprocessing via two de-noising methods. First, a spatially adaptive nonlocal means (SANLM) filter was utilized to reduce noise and maintain edges (Manjon et al., 2010) . Second, the application of a Markov Random Field (MRF) model reduced noise by assimilating spatial data from neighboring voxels into the segmentation estimates (Cuadra et al., 2005 , Rajapakse et al., 1997 . Tissue classes were then registered and normalized to a template from the IXI-database (http://www.braindevelopment. org) in MNI space utilizing the DARTEL toolbox (Ashburner, 2007) . Normalized images were modulated by multiplying voxels by nonlinear components, correcting for differences in subject brain sizes. An 8 mm full-width half-maximum (FWHM) Gaussian Kernel was used to smooth modulated gray and white matter images to improve the signal to noise ratio, help normalize the distribution of the data, and minimize the impact of registration errors (Scouten et al., 2006 , Kiebel et al., 1999 ).
2.6. Statistical analyses 2.6.1. Approach Our statistical analyses were conducted in multiple steps. First the data were examined for completeness, any missing data points were estimated using multiple imputation. All participant characteristic variables were then compared to the CLS birth cohort. Additional analyses were conducted comparing the characteristics of female against males, and those from the Siemens scanner against those from Philips scanner. We then conducted analyses examining the relationship between Total PPI, PbB78, and sex. Finally, we used VBM to look for brain volume changes in relation to Total PPI, PbB78, and sex. Our statistical approach for VBM was conducted in three steps: 1) To assess BVC associated with total PPI score 2) To assess BVC associated with blood lead concentrations obtained at 78 months of age; 3) Perform conjunction analyses of steps 1) and 2) to examine the relationship between BVC associated with total PPI score and PbB78. BVC represented four imaging outcomes: gray matter decrease, gray matter increase, white matter decrease or white matter increase. Additionally, an evaluation of confounding variables was performed and adjusted for in the final models.
Software
Demographic characteristics, imputations of missing demographic variables, assessment of collinearity, and PPI performance measures were analyzed using SAS 9.3 (SAS Institute Inc., Cary, NC). R (version 3.4.3; R Core Team (2017)) was used to estimate the significance of missing variables. For VBM, the spatial and quantitative aspects of the MRI data required using specific image analysis software SPM8 and AFNI (version 16.3.13; https:/afni. nimh.nih.gov) for analyses.
Participant characteristics
Comparisons between participant characteristics were made in SAS using a Chi-Square test for categorical variables, and a one-way ANOVA for all other variables. Demographic differences were examined between the original birth cohort and the cohort described for this analysis to evaluate for any systemic biases in sample attrition. We also evaluated the demographic data for differences due to sex and to the scanner used for their imaging acquisition. The relationship between PbB78, total PPI score, and relevant covariates was established using a general linear model in SAS. Collinearity between relevant covariates was also tested for but not observed.
Model framework
The individual preprocessed gray and white matter images were analyzed within the framework of a general linear model (GLM) using SPM8. An initial factorial model was constructed with brain volume (gray matter or white matter) as the dependent variable and either Total PPI or PbB78 as the independent variable. Sex was included as a factor. BVC was examined for each independent variable, and for an interaction with sex. After preliminary analyses, relevant covariates were selected for each model for further analysis (see section 2.6.8).
Final models were constructed with a full-factorial design using participant sex as a factor with relevant covariates included in the final models.
Image comparisons
Within SPM8, absolute threshold masking was applied to eliminate voxels with a value less than 0.1 to reduce edge effects between tissue classes, and explicit binary masks were generated and applied to limit the analysis to voxels within gray matter or white matter tissue respectively. Monte Carlo simulations were conducted a priori for gray matter and white matter analyses using the 3dClustSim function in the AFNI software package to establish minimum cluster size thresholds. This version of AFNI addressed previous concerns over the validity of the cluster simulation procedure. We selected an uncorrected voxel level P-value = 0.005 to establish the minimum cluster size for the cohort; 10,000 simulations were conducted for each tissue class yielding a minimum cluster threshold corrected for multiple comparisons at P 0.05. The full width half maximum (FWHM) was estimated using the spm_est_smoothness function in SPM8. The minimum cluster threshold was 1377 contiguous voxels for gray matter, and 1461 voxels for white matter.
Conjunction analysis
In the event that the VBM analyses demonstrated that the same brain regions were associated with total PPI score and PbB78 values, a conjunction analysis was performed to examine the relationship between brain volume, total PPI, and PbB78. As stated in Friston et al. (1999) , a conjunction is "the joint refutation of multiple null hypotheses," which allows for an inference to be made regarding multiple effects. To test this relationship, we conducted a conjunction analysis of the global null hypothesis (H 0 = There are no activations) using a familywise error rate (FWE) correction of 0.05 at the voxel level. As noted in Friston et al. (2005) , we acknowledge that a significant conjunction does not imply that all contrasts were individually significant, but that the constrasts were "consistently high and jointly significant."
Visualization
For visualization of all VBM results, an overlay of significant association clusters for each analysis was created in SPM8 and superimposed upon a composite IXI-database template. Identification of brain regions required the use of the xjView and several atlases (Haines, 2008 , Nolte and Angevine, 2007 , Oishi, 2011 . Masks for intersecting spatial regions from the primary models (BVC and PbB78, BVC and PPI) were generated using the xjView 8.14 (http://www.alivelearn.net/xjview) plugin for SPM8. For reporting a finding from the conjunction analysis, the association cluster was required to be present on both of the primary models (BVC with PbB78, BVC with PPI).
Covariate selection for primary models
Covariates for each of the primary models (BVC and PPI, BVC and PbB78) were chosen using a selection method adopted from Yuan et al. (2006) . In brief, variables found to cause a 10% or greater change in beta values for at least 20% of the significantly associated voxels when compared to the initial analysis with the independent variable (either Total PPI score or PbB78) were included using SPM8. This method has been used by Yuan et al. (2007) , Cecil et al. (2008) , and Brubaker et al. (2010) . Variables considered included sex, race, age at time of imaging, gestational age at birth, weight at birth, maternal IQ (Silverstein, 1985 , Wechsler, 1981 , participant full-scale IQ (Wechsler, 1991) , childhood total HOME inventory score (Bradley and Caldwell, 1977 , Bradley and Caldwell, 1979 , Caldwell and Bradley, 1978 , highest level of educational attainment for participant, mean childhood Hollingshead socioeconomic status (SES) score (Cirino et al., 2002) , adult marijuana usage based upon urine screen at time of imaging, maternal prenatal alcohol use, maternal prenatal cigarette use, maternal narcotic use, and maternal prenatal marijuana use. For Total PPI, age at scan and PbB78 were included in the gray model analysis, and PbB78 was included in the white matter analyses. Age, birth weight, FSIQ, and maternal IQ were included as covariates for the gray matter analysis for PbB78. Age and FSIQ were included as covariates in the white matter analysis for PbB78. Sex was found to be significantly associated and was accounted for in all analyses as a factor instead of a covariate. Additionally, all analyses included a covariate to account for two scanners being used for data collection.
Missing data points
Several variables in the CLS data set contained missing data points, we therefore used multiple imputation to estimate these missing data points rather than eliminate participants with missing data (Supplemental Table 1 ). A requirement for conducting multiple imputation is that it must be assumed that the data are missing completely at random (MCAR) or at least missing at random (MAR). To test this assumption, we used Little's MCAR test (Little, 1988) to estimate the probability that the data are missing completely at random. The LittleMCAR program within the BaylorEdPsych package (Beaujean, 2012 ) was used to conduct Little's Chi-Squared test for MCAR using R. The rate of missing variables was not predicted by any variables in the imputation analysis and data points were assumed to be missing completely at random [X 2 (191, N = 155) = 205.2959, P = 0.2272727)]. Missing data points for independent variables and covariates were generated using a multivariate normal distribution multiple imputation model in SAS. Parameter estimates for the data set with missing data points were calculated using a GLM. Ten data sets were imputed using the PROC MI procedure. Parameter estimates for each imputed data set were generated via a GLM and a pooled analysis was conducted to estimate the standard error for the imputed data set and compared to the initial estimate. An ANOVA was used to compare variable means before and after imputation, no statistically significant differences were found.
Results
Population characteristic comparisons
The participants in the current study demonstrated an increased percentage of female [X 2 (1, N = 539) = 4.32, P = 0.0377] and African American [X 2 (1, N = 539) = 8.08, P = 0.0045] when compared to the original CLS birth cohort (Table 1 ). All other characteristics remained statistically insignificant between cohorts. When characteristics were compared by sex, males displayed higher total PPI scores than females [F (1, 153) 
Total PPI score and PbB78
The analysis between total PPI score and PbB78 for the current CLS cohort demonstrated a significant direct association [F (1, 153) = 7.72, P = 0.0062, R 2 = 0.048, Beta PbB78 = 0.219 (t = 2.78, P = 0.0062)]. An interaction between sex and PbB78 was also observed [F (1, 152) = 12.25, P = 0.001]. For females, the association was F (1, 88) = 2.32, P = 0.1313, R 2 = 0.026, Beta PbB78 = 0.160 (t = 1.52, P = 0.1313), the male association showed F (1, 63) = 3.24, P = 0.0768, R 2 = 0.049, Beta PbB78 = 0.22108 (t = 1.80, P = 0.0768).
Summary of brain volume changes
A composite summary table qualitatively describes the covariate adjusted BVC from each of the examined models for the CLS (Table 2) . Specific details for the results are described below.
VBM analyses -BVC and PPI relationship
VBM analyses showed no volumetric differences in gray matter volume associated with total PPI score; however, there was a significant interaction between sex and total PPI score. Seven clusters were observed demonstrating regions where males displayed reduced gray matter volumes compared to females in relation to total PPI score. These regions were primarily located in the frontal and temporal lobes (Table 3 , Fig. 1 ). Further investigation of the interaction established that females showed increased gray matter volume in relation to increased total PPI scores in the frontal, temporal, and parietal lobes (Table 4 , Fig. 2 ). In contrast, males displayed reduced gray matter volume in relation to increased total PPI scores, primarily in the prefrontal cortex and anterior cingulate (Table 5, Fig. 3 ). For the white matter analysis, an inverse association between white matter volume and total PPI score was observed bilaterally in the cerebellum, brain stem, and lower portion of the thalamus. This association also extended to the white matter near the basal ganglia, primarily the caudate and lentiform nucleus (Table 6 , Fig. 4 ). Similar to gray matter, and interaction between sex and total PPI score was also observed in the white matter volume, with males displaying reduced white matter volumes compared to females in relation to total PPI score. This difference was observed bilaterally in the white matter of the prefrontal cortex (Table 7 , Fig. 5 ). Post-hoc analyses revealed no volumetric differences in female white matter. In contrast, males displayed an inverse association between total PPI score and white matter volume in the left prefrontal white matter (Table 8, Fig. 6 ). * Clusters corrected for multiple comparisons at P 0.05. Fig. 11 . Regional white matter volume decrease in males. Overlay of significant clusters representing a volumetric decrease associated with increased PbB78 scores for male subjects (N = 65). All clusters presented have been corrected for multiple comparisons (P 0.05). Slice numbers represent distance from origin (0, 0, 0), which was set at the anterior commissure. Color bar represents voxel level T-statistic. Orientation: Left = Left, Right = Right. PbB78 Blood lead at age 78 months.
VBM analyses -BVC and PbB78 relationship
Gray matter volume loss associated with PbB78 values was observed in the right frontal lobe, primarily in the middle frontal gyrus (Table 9 , Fig. 7) . A post-hoc analysis showed reduced gray matter volume in the frontal and parietal lobes of females in relation to increased PbB78 values (Table 10 , Fig. 8 ). Males did not display any volumetric differences in gray matter associated with PbB78. In white matter, an inverse association was observed with PbB78 in frontal, limbic, temporal, and parietal lobes (Table 11 , Fig. 9 ). Post-hoc analyses showed a white matter decrease primarily in the right parietal lobe associated with increased PbB78 values in females (Table 12 , Fig. 10 ). Males displayed reduced white matter volumes in the frontal, limbic, temporal, and parietal lobes in relations to increased PbB78 values (Table 13 , Fig. 11 ).
Conjunction analysis
For the cohort, there were no intersections of significant volume association clusters in gray or white matter between total PPI scores and PbB78. Likewise, there were no overlapping clusters between total PPI score and PbB78 in female gray matter or white matter. However, males did show an intersection of volume association clusters between total PPI score and PbB78 in white matter. The formal conjunction analysis suggested this region as containing voxels associated with increased total PPI score and PbB78 values. Specifically, there was an intersection representing a volumetric decrease associated with increased total PPI scores and PbB78 values primarily in the left orbitofrontal white matter (Tables 14, Figs. 12 and 13) . No overlap of association clusters was observed in male gray matter.
Discussion
The purpose of this study was to examine brain volume changes in relation to measures of psychopathy, and to determine whether those changes may be related to childhood lead exposure. For the relationship between BVC and psychopathy, the results demonstrated a significant volumetric reduction primarily in cerebellar white matter associated with elevated total PPI scores in a longitudinal cohort with documented childhood lead exposure. These results appeared to be primarily influenced by males who displayed volumetric reductions in frontal gray and white matter. Furthermore, males displayed an overlap in frontal white matter associated with total PPI score and PbB78. In contrast, females only displayed a gray matter increase associated with total PPI score. For the relationship between BVC and blood lead concentrations obtained at 78 months of age, we found significant volumetric reductions in gray and white matter inversely associated with PbB78 in several regions, including the white matter of the preand post-central gyri, the frontal lobe, and the cingulate. The white matter decrease in the pre-and post-central gyri are observed in females and males, though the volume loss for females appeared more laterally while the male white matter decrease appeared more medially. Furthermore, only males displayed the white matter decrease in the frontal lobe.
For the Total PPI analyses, the results in the cerebellar white matter were unexpected. Initially thought to be primarily involved with the modulation of motor behavior (Holmes, 1939, Llinas and Welsh, 1993) , more recent studies have demonstrated that there is a wide reaching cerebellar network involved with many different cognitive processes (Schmahmann, 2004 , Allen et al., 1997 , Mogenson et al., 1980 , Schmahmann, 1991 , Stoodley and Schmahmann, 2009 , Strick et al., 2009 . Implications with executive and emotional processing have been observed (Schmahmann, 2004 , Baumann and Mattingley, 2012 , Rosenbloom et al., 2012 , Schmahmann and Sherman, 1998 as well as involvement in working memory (Ding et al., 2012) . Though not prominently associated with psychopathy, there is some precedent for cerebellar involvement. Reduced cerebellar gray matter was observed in a cohort of males with elevated psychopathy scores in a youth correction facility (Ermer et al., 2013) . Studies of bipolar disorder and PTSD, respectively, have observed decreased cerebellar volumes (Baldacara et al., 2011a , Baldacara et al., 2011b establishing a connection between cerebellar volume and mental health disorders. fMRI studies demonstrated differences in cerebellar activity in relation to psychopathy (Deeley et al., 2006 , Muller et al., 2003 implying that the cerebellum holds some functional role for the regulation of behavior. Previous CLS studies observed some volume loss in the cerebellum (Brubaker et al., 2010 , Cecil et al., 2008 . Furthermore, Cecil et al. (2011) reported abnormalities in cerebellar metabolites associated with childhood lead exposure, which may be indicative of cellular damage. These findings suggested that cerebellar involvement in the presentation of psychopathic traits within this cohort is plausible. The cerebellum's role in regulating and modulating behavior suggest that damage would result in deficits regarding behavioral inhibitions (Schmahmann, 2004, Schmahmann and Sherman, 1998) . The involvement of emotional processing may be a contributing factor to the lack of empathy observed in psychopathy.
When examined by sex, males displayed volumetric reductions primarily in frontal gray and white matter regions. Most notably, males displayed a reduction in gray and white matter in the VMPFC and anterior cingulate associated with increased total PPI scores. There is strong evidence suggesting that the VMPFC is heavily involved in decision making (Bechara et al., 2000b, Bechara et al., 1999 , Hampton et al., 2006 , Fellows and Farah, 2007 and the regulation of the fear response (Quirk et al., 2000) . Finger et al. (2008) reports VMPFC dysfunction in an fMRI study with children who display psychopathic traits, while Raine et al. (2011) found smaller frontal gray matter volumes in antisocial personality disorder; specifically that males showed smaller frontal volumes than females, suggesting that males with antisocial personality disorder may be more susceptible to volumetric effects. Similarly, the anterior cingulate appears to have an important role in regulating conflict and control (Kerns et al., 2004 , MacDonald et al., 2000 , as well as involvement in cognitive and emotional processing (Lane et al., 1998) . Kiehl et al. (2001) and Marsh et al. (2013) found reduced fMRI activity in the anterior cingulate in criminal psychopaths and youths with psychopathic personality traits respectively when compared to controls. Birbaumer et al. (2005) observed that psychopaths displayed no reactivity in the prefrontal limbic system when compared to controls in a fear-conditioning task, suggesting a disconnection or disengagement of limbic system circuitry in psychopathy. Though there is some evidence for volumetric reductions in the anterior cingulate in psychopathy (Boccardi et al., 2011) , there is also evidence against any differences (Ermer et al., 2013 , Glenn et al., 2010b . Our results are also similar to the sex differences reported in Cecil et al. (2008) and Brubaker et al. (2010) which found that the majority of volume loss associated with childhood lead exposure was found in male participants, was most heavily associated with later childhood lead levels, and was observed primarily in the frontal lobe. In contrast, females display a regional volumetric gray matter increase associated with total PPI score in the frontal, temporal, and occipital lobes. There is evidence for reduced gray matter in the fronto-temporal region related to psychopathy (de OliveiraSouza et al., 2008 , Ermer et al., 2012 . Cope et al. (2014) reported decreases in limbic and paralimbic gray matter in females; however, there is not much evidence for volumetric increases, especially in females. Raine et al. (2003) reports increased corpus callosum volumes in individuals with psychopathic personalities. Similarly, Glenn et al. (2010a) observed increased volumes in striatal structures associated with psychopathy. Tiihonen et al. (2008) also observed increased volumes in the cerebellum and in the parietal and occipital lobes, but this was seen in male violent offenders.
The sex differences observed in this study are similar to those reported in both psychopathy and lead exposure studies. Males are traditionally reported to score higher on psychopathy inventories (Levenson et al., 1995 , Forth et al., 1996 . However, there is emerging evidence that females score higher on secondary psychopathic traits (Grann, 2000, Lilienfeld and Hess, 2001) and that the factor structure in psychopathy tests may not be adequate to elucidate sex differences (Dolan and Vollm, 2009 ).
Regarding lead exposure, males often display greater sensitivity to lead exposure than females in many different ways including general intelligence, neurobehavioral performance in areas of attention, visuoconstruction, planning, rule learning and reversal (Ris et al., 2004 , Bellinger et al., 1990 , Dietrich et al., 1987 , Pocock et al., 1987 , Leasure et al., 2008 , Froehlich et al., 2007 . Furthermore, the effects of childhood lead exposure on brain volume are significantly more pronounced in males (Brubaker et al., 2010 , Cecil et al., 2008 . Though there is no single explanation for these sex differences in the outcomes of lead exposure, it has been shown that sex hormones such as estradiol may exhibit neuroprotective properties and reduce the impact of lead toxicity in females (Chetty et al., 2007 , Ronis et al., 1998 . Greater expression of the mitochondrial enzyme paraoxonase-2 (PON2) in females may protect cells from oxidative stressmediated toxicity (Giordano, 2013; Costa, 2014) .
The relationship observed between total PPI score and childhood lead exposure was reanalyzed with the data collected in Wright et al. (2009) for a smaller CLS subcohort who also had the MRI evaluation and included all of the subscales, as the previous report excluded two sub-scales (Coldheartedness and Stress Immunity). The results followed similarly reported relationships between lead exposure and behavior (Dietrich et al., 2001 , Wright et al., 2008 , Needleman et al., 1996 . For the conjunction analyses, one region intersecting within both primary models (BVC and PbB78, BVC and PPI) was found in the white matter of the left orbitofrontal cortex (OFC) of males (Fig. 5) . The OFC has a significant role in emotional processing, decision-making, and risk/reward relationships (Bechara, 2004 , Rolls, 2004 , Gottfried et al., 2003 , Bechara et al., 2000a , Winstanley et al., 2004 . It has been proposed that OFC dysfunction plays a significant role in the behavioral abnormalities underlying psychopathy (Blair, 2004 , Blair, 2007 , Mitchell et al., 2002 . Decreased OFC activity has been reported in studies of psychopathy (Lapierre et al., 1995 , Veit et al., 2002 , as have reduced OFC volumes (Yang et al., 2010 , Yang et al., 2005 . As noted earlier, Cecil et al. (2008) and Brubaker et al. (2010) reported reduced prefrontal brain volumes associated with childhood lead exposure, noting that the majority of volume loss was observed in males. Likewise, Raine et al. (2011) showed that male psychopaths displayed more OFC volume loss compared to healthy controls and females. Furthermore, Wright et al. (2008) observed a direct correlation between criminal arrests and childhood blood lead levels within the CLS, which was greatest in male participants. Put together, these results suggest that at least in regards to males, there may be a direct relationship with between childhood lead exposure -related brain damage and the incidence of psychopathic personality traits.
Though this study utilized a relatively large sample size for MRI (N = 155), the results are not easily generalizable due to the CLS Fig. 13 . Significant voxels in a conjunction analysis for white matter loss between Total PPI scores and PbB78 values. Slice numbers represent distance from origin (0, 0, 0), which was set at the anterior commissure. Color bar represents voxel level T-statistic. Orientation: Left = Left, Right = Right. PbB78 Blood lead at age 78 months; Total PPI Total psychopathic personality inventory score.
sampling from a predominantly African-American, urban population. Scanner bias is another area of concern due to the use of two different scanners during the study. To minimize the impact of this, we added an additional covariate into each analysis to account for scanner differences, which has been shown in the literature to be an effective option (Pardoe et al., 2008 , Stonnington et al., 2008 , Teipel et al., 2010 . We also must note that though the results of the VBM analysis with PbB78 presented similar regional volumetric decreases as reported in Cecil et al. (2008) , our results were primarily confined to white matter opposed to gray matter. This may be the result of changes in SPM software over time to minimize the impact of partial volume effects, or could suggest changes in the brain have occurred. We also recognize there is some debate regarding the use of total PPI score alone. Several studies examining the validity of the PPI suggest exploring factors and all facets of the PPI is a more adequate approach (Patrick et al., 2006 , Benning et al., 2003 .
Conclusion
Our results showed a relationship between measures of psychopathy and brain volume, which displayed overlap with previous research connecting childhood lead exposure with behavioral and neurological deficits. Furthermore, our research demonstrates that males display more volumetric effects related to psychopathy than females, and that males displayed an association between region brain volume, psychopathy, and childhood lead exposure. Although our results do not causally demonstrate that the observed relationship between regional frontal brain volume and psychopathy, they do strengthen the argument that there is a connection between these childhood lead exposure and psychopathy. Future studies are needed to improve our understanding of how childhood exposure to environmental toxicants such as lead can result in neuroanatomical differences that may impact personality and future behavior.
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